Fifteen small-subunit rRNAs from methylotrophic bacteria have been sequenced. Comparisons of these sequences with 22 previously published sequences further defined the phylogenetic relationships among these bacteria and illustrated the agreement between phylogeny and physiological characteristics of the bacteria. Phylogenetic trees were constructed with 16S rRNA sequences from methylotrophic bacteria and representative organisms from subdivisions within the class Proteobacteria on the basis of sequence similarities by using a weighted least-mean-square difference method. The methylotrophs have been separated into coherent clusters in which bacteria shared physiological characteristics. The clusters distinguished bacteria which used either the ribulose monophosphate or serine pathway for carbon assimilation. In addition, methanotrophs and methylotrophs which do not utilize methane were found to form distinct clusters within these groups. Five new deoxyoligonucleotide probes were designed, synthesized, labelled with digoxigenin-11-ddUTP, and tested for the ability to hybridize to RNA extracted from the bacteria represented in the unique clusters and for the ability to detect RNAs purified from soils enriched for methanotrophs by exposure to a methane-air atmosphere for one month. The 16S rRNA purified from soil hybridized to the probe which was complementary to sequences present in 16S rRNA from serine pathway methanotrophs and hybridized to a lesser extent with a probe complementary to sequences in 16S rRNAs of ribulose monophosphate pathway methanotrophs. The nonradioactive detection system used performed reliably at amounts of RNA from pure cultures as small as 10 ng.
Methylotrophic bacteria are a diverse group of microbes that utilize one-carbon compounds more reduced than CO2 as sole energy sources and assimilate carbon at the oxidation level of formaldehyde (2, 3, 31) . Bacteria able to grow on methane are a subset of the methylotrophs called methanotrophs. The present taxonomic status of the methylotrophic bacteria is based largely upon phenotypic and chemotaxonomic data (9, 11, 12) . Recently, genotypic data obtained from the sequencing of 5S and 16S rRNA have yielded results which support the classical taxonomic groupings (4, 6, 14, 29) .
In 1970, Whittenbury et al. (31) isolated and described over 100 strains of methanotrophs. These isolates were classified into two groups on the basis of morphology, fine structure of intracytoplasmic membranes, and types of resting stages formed. One group, designated type I, utilized the ribulose monophosphate (RuMP) pathway for carbon assimilation and consisted of the genera Methylomonas, Methylobacter, and Methylococcus. The second group, type II, used the serine pathway for carbon assimilation and consisted of the proposed genera Methylosinus and Methylocystis. A third group of methanotrophs, type X, was subsequently proposed to include the strains of Methylococcus capsulatus, an obligate methanotroph capable of autotrophic CO2 fixation (12, 15) . The aerobic methylotrophs unable to grow on methane also can also be divided into two groups. The two groups, the RuMP and serine methylotrophs, are distinguished only by the pathway used for formaldehyde assimilation. These bacteria are more diverse than the methanotrophs, including both gram-negative and -positive bacteria able to grow on methanol, methylamine, dimethyl sulfide, and halogenated methanes. Moreover, some address: hanso06l@maroon.tc.umn.edu. of these methylotrophs are facultative and may grow heterotrophically on multicarbon compounds (3, 12) .
Given the wide variety of microorganisms designated methylotrophs and the limitations of classic taxonomic techniques due largely to the restricted nutritional abilities of many of these bacteria (12) , 16S rRNA sequencing was used to clarify taxonomic relationships (4, 29, 32) . The work of Tsuji et al. (29) , which was extended by Bratina et al. (4) , demonstrated that is possible to distinguish methylotrophic bacteria by 16S rRNA sequence analysis. Moreover, the unique sequences within the 16S rRNA molecules were used to construct oligonucleotide probes for the identification of two different physiological groups of methylotrophic bacteria (26) . The serine pathway methanotrophs and the serine pathway methylotrophs that do not utilize methane formed distinct phylogenetic clusters within the a. subdivision of the class Proteobacteria when their 16S rRNA sequences were compared (4) . The RuMP pathway methanotrophs that do not utilize methane formed a coherent phylogenetic group within the 13 subdivision of the Proteobacteria. The RuMP pathway methanotrophs, except for Methylococcus capsulatus, were clustered within the 'y subdivision of the Proteobacteria (4) . Methylococcus capsulatus (Bath), a type X methanotroph, was distantly related to RuMP pathway (type I) methanotrophs. The separation of these bacteria into these subgroups based on physiological similarities as well as similarities in 16S rRNA sequences is supported by comparisons of phospholipid fatty acids present in their membranes (13) .
More than a group of diverse organisms of taxonomic interest, the methylotrophs may play an important role in two current environmental concerns: global warming and groundwater contamination. Methane is an abundant organic gas in the atmosphere, and its concentration has been increasing at the alarming rate of 1%/year for the last 150 to 200 years (7, 21) . This gas absorbs infrared radiation more efficiently than realize fully the potential of these microorganisms in biotechnology, a method of defining microbial communities in natural and constructed systems would be useful. Recent studies have used techniques of molecular biology to characterize methylotrophic bacteria from different ecosystems (1, 14, 26, 28) . The present work extends the 16S rRNA sequence data base, defines five new oligonucleotide probes, and demonstrates their use in distinguishing groups of methylotrophs. The probes separate the methanotrophs and methylotrophs within the two different pathways for carbon assimilation. The detection system used is nonradioactive.
MATERIALS AND METHODS
Microorganisms and growth conditions. All methylotrophs used in this study are described in Table 1 . The cells were in either mid-or late exponential growth phase when harvested, with the exception of Methylobacterium extorquens NCIMB 9399, Methylobacterium rhodinum NCIMB 9421, Methylobacterium zatmanii NCIMB 12243, and Methylobacterium rhodesianum NCIMB 12249, which were generously provided in lyophilized form by Peter Green from the National Collections of Industrial and Marine Bacteria, Aberdeen, Scotland. In addition, strain DR1 (17) was provided in lyophilized form by Colin Murrell, University of Warwick, Coventry, England, and "Methylomonas gracilis" was provided by Peter Green for use in the screening of probe activity. Depending on the methylotroph, either methane or methanol was used as the growth substrate. Pseudomonas putida Fl and Pseudomonas fluorescens were grown in mineral salts medium as described by Wackett et al. (30) . Escherichia coli and Agrobacterium tumefaciens were grown in Luria-Bertani broth.
RNA extraction, sequencing of 16S rRNA, and phylogenetic tree construction. Isolation and reverse transcriptase sequencing of 16S rRNA from the organisms, data analysis, and phylogenetic tree construction were performed as previously described (29) . Eight oligonucleotide primers were used (10) .
Between 1,418 and 1,450 nucleotides between positions 1 and 1510 were unambiguously sequenced for 16S rRNAs extracted from all organisms except strain DM4. The number of bases unambiguously sequenced in that strain was 1045. The sequences were aligned on a VAX 8600 computer using programs written by Olson (20) . Misalignments were corrected manually after visual inspection on the basis of conserved primary and secondary structural features. Pairwise evolutionary distances were computed from percent similarities (20) . Corrected pairwise distances were computed from percent similarities by using the Jukes and Cantor correction (16) , and dendrograms were constructed from evolutionary distance matrices by the least-squares distance method of Desoete (8) . The tree constructions were optimized until they converged after six to eight rounds of optimization. The mean square weighted path errors were 0.24 for the tree shown in Fig. 1 and 0.21 for the tree shown in Fig. 2 . The sequences of the 16S rRNAs are available for electronic retrieval from GenBank under the accession numbers listed in Table 1 , and the aligned sequences can be obtained by electronic mail from R. S. Hanson. Synthesis and labeling of oligodeoxynucleotide probes. Probes used in this study and their sequences and other salient features are described in Table 2 . Oligodeoxynucleotide probes were synthesized commercially (Appligene, Pleasanton, Calif., and Genosys Biotechnologies, Inc., The Woodlands, Tex.). The probes were 3' end labelled with digoxigenin-11-ddUTP according to protocols published by Boehringer Mannheim Biochemicals (Indianapolis, Ind.).
RNA blotting and hybridization. RNAs were immobilized on Magnagraph nylon transfer membrane (Micron Separations, Inc., Westboro, Mass.) by dot blotting. RNA samples were diluted in 0.1% diethylpyrocarbonate-treated H20 to the desired concentration and spotted on a dry nylon membrane by using a micropipette to deliver 1 47°C for the eubacterial, 9-a, and all remaining probes, respectively. The solution was replaced with the hybridization buffer, and the blots were incubated at the same temperatures for a minimum of 6 h. The blots were washed for 30 min at room temperature with a mixture of 40 mM sodium phosphate (pH 7.2), 1 mM EDTA, 0.5% SDS, and 0.5% bovine serum albumin and then were washed twice in a mixture of 40 mM sodium phosphate (pH 7.2), 1% SDS, and 1 mM EDTA at the wash temperatures indicated for each probe ( Table 2 ). The sodium phosphate wash solutions suggested in reference 26 yielded results with less background than the SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) solutions suggested by Boehringer Mannheim Biochemicals. Chemiluminescence detection was performed as described in reference 2a. All of the steps were completed in an HB-1 Hybridiser (Techne, Inc., Princeton, N.J.). In order to define stringent wash conditions, RNAs isolated from bacteria that had target sequences complementary to a probe were spotted (100 ng per spot) onto replicate blots along with control RNA samples from bacteria in other physiological groups. The blots were prehybridized, hybridized, and washed together. At the stringent, final wash one blot was removed for every 2°C increase. The blots were visualized side by side. The temperature at which the desired activity was maximized without nonspecific binding to a negative control was selected for the final wash. The visual inspection approximated the temperature at which 50% of the bound probes were removed ( Table 2 ). The prehybridization and hybridization temperatures were set 5°C below the stringent wash temperature.
Probe 1034-Ser remained bound to Methylocystis minimus, Methylosinus trichosporium OB3b, and strain B-3040 at temperatures as high as 58°C. The experimentally determined optimum temperatures for the second wash are described in Table 2 .
Blots were stripped for reprobing by incubating the membranes in 60% formamide-50 mM Tris-HCl (pH 8.0)-1% SDS for 1 h at 75°C. The membranes were rinsed thoroughly with distilled water and reprobed as described above with a second probe. Isolation and purification of RNA from soil samples. One kilogram of soil obtained from 0 to 10 cm below the soil surface on a hillside near the Kuparuk River on the Alaskan North Slope was supplied by William Reeburgh (University of Alaska, Fairbanks). The soil was incubated with headspace gases of 25% methane and 75% air in mason jars fitted with a Swagelock (Minnesota Value and Fitting, Eden Prairie, Minn.) containing a septum. The methane-air headspace gas was replenished every 2 days for 1 month. After 1 month, 10-g samples were placed in 123-ml serum bottles capped with serum stoppers. Five milliliters of methane was added to the serum bottles, and the rate of methane utilization at 24°C was measured by gas chromatography.
Cells were separated from soil particles by homogenizing 50 g of soil in 200 m of a mineral salts medium (5) containing 0.2 M ascorbic acid and 15 g of polyvinylpolypyrrolidone in a Waring blender. The suspension was homogenized three times for 1 min each time and cooled on ice between blending cycles. The suspension was then centrifuged for 5 min at 650 x g at 4°C. Homogenization solution (200 ml) was added to the sediment, and the homogenization was repeated. The supernatant fractions were combined and centrifuged at 10,000 x g for 20 min at 4°C to recover bacterial cells. The material that sedimented was suspended in 200 ml of ice-cold TE buffer (10 mM Tris-hydrochloride, 1 mM EDTA), and RNA was purified from the sedimented material as described previously (29) . After purification, the RNA was denatured by the addition of glyoxal solution to give a final concentration of 8% (wt/vol) and disodium phosphate, pH 6.8, to give a final concentration of 0.01 M. The solutions containing 5 ,ug of RNA were heated at 65°C for 1 h and loaded onto a 1.2% (wt/vol) agarose gel. The gel was subjected to electrophoresis (75 V) for 3.5 h to separate different RNA fractions from humic acids and other contaminating material that may interfer with hybridizations. The rRNA bands were visualized after staining for 15 min in 50 mM NaOH containing ethidium bromide (1 ,ug/ml) under UV light. The RNA was transferred by Northern (RNA) blotting (18) to Magnagraph nylon membranes (Micron Separations, Inc.). The blots were air dried and baked in a vacuum oven for 1 h at 80°C. The blots were used in hybridization reactions with oligonucleotide probes to detect 16S rRNAs that had sequences complementary to the probes in a manner identical to that described for dot blots. The hybridization conditions were identical to those described above for dot blots.
RESULTS
Phylogenetic relationships between methylotrophs. 16S rRNAs extracted from 15 methylotrophic bacterial strains were sequenced for this report ( Table 1) . The 16S rRNA sequences of three strains, Methylococcus capsulatus Bath, Methylomonas methanica, and Methylobacterium extorquens, had been reported previously (4, 29) but were sequenced again because the sequences in the original work were less complete than desired in this study. Sequences from methylotrophs cited in previous works (4, 14, 15, 29) were included. The phylogenetic relationships between the methylotrophs are illustrated in Fig. 1 and 2 . Previous work has shown that the different physiological groups separate distinctly into RuMP and serine pathway groups and that those methylotrophs that use methane and those that do not form distinct clusters within each group (4, 14) . The phylogenetic trees presented in Fig. 1 and 2 support the separation of the methylotrophs into four or more phylogenetic groups. Group la includes the RuMP methanotrophs, while group Tb includes the RuMP pathway methylotrophs that do not utilize methane. Group Ila comprises the serine pathway methanotrophs, and group lIb contains serine pathway methylotrophs that grow on methanol but not methane. Strain ER2 is a bacterium that degrades aryl N-methylcarbame insectides, including carbofuran (25) , utilizes methylamine as a sole carbon and energy source, and does not grow on methanol. It is distantly related to other serine pathway methylotrophs and is not included within group Ilb (Fig. 2) .
Selection of signature probes. By using the data base of methylotrophic bacterium 16S rRNA sequences produced by this laboratory and sequences of proteobacteria available from GenBank, an Intelligenetics Suite software subprogram, GenAlign (Intelligenetics, Mountain View, Calif.), was used to select conserved sequences within the 16S rRNA sequences of the desired physiological group that were not present in 16S rRNAs of other bacteria. Visual inspection of aligned sequences was used for the final selection of five new probes which differentiate the methylotrophic bacteria beyond the separation based on pathways for carbon assimilation ( Figure 4 shows a representative blot series. Fourteen RNAs were bound to three identical blots in 100-ng samples. The blots were tested with three probes, stripped, reprobed with three different probes, stripped again, and reprobed one additional time. The blots could be stripped and reprobed up to seven times before detection became difficult. In addition, RNAs in amounts as small as 10 ng were visualized (result not shown). Probe 1041-5 fails to detect "Methylomonas agile" (Methylobacter agilis) and was modified to create probe 1035-RuMP. Small-subunit rRNAs that were not detected by a probe targeting a specific physiological group had at least two mismatches in the target region. RNA extracted from Methylococcus capsulatus Bath did not hybridize with probe 1035-RuMP, which hybridized to RNAs of other type I methanotrophs except "Methylomonas gracilis" and methanotroph 761. The sequences in the 16S rRNAs of these bacteria contain four mismatches for methanotroph 761, five mismatches for Methylococcus capsulatus Bath, and seven mismatches for "Methylomonas gracilis." Similarly, probe 1041-RuMP, which also hybridized to RNAs from most methanotrophs, did not hybridize to RNAs from these bacteria. The 16S rRNAs of these bacteria had two or more mismatches within the 1041 target sequence (Fig. 3) . Strain DR1 is an atypical type I marine methanotroph described by Lees et al. (17) . The probes for RuMP methanotrophs and methylotrophs did not hybridize with RNA from this bacterium. The sequence of the 16S rRNA from this bacterium is not available.
The probes for serine methylotophs did not hybridize to RNA from a serine pathway methylamine utilizer, strain ER2, that does not grow with methane or methanol. This bacterium is distantly related to other methylotrophs in group Ilb (Fig. 2) , and the target sites for probes 1034-Ser and 1038-Ser (Fig. 3) have several mismatches within the target site of the 16S rRNA of this bacterium.
Hybridization of probes to RNA extracted from soil. Soil collected from a site known to oxidize methane was used to test the effectiveness of the probes described in this paper for detecting methanotrophic bacteria in soils. The soil sample used was obtained from William Reeburgh, whose group had demonstrated that these soils consumed methane in flux chamber measurements (unpublished data). After enrichment under a headspace of methane and air for 1 month, the rates of methane oxidation increased from 0.1 to 5 ,umol of methane consumed per g of soil per h. We extracted RNA from these soils in order to determine whether type I or type II methanotrophs or both were present in the soils. The results (Fig. 5) show that the RNA extracted from bacteria separated from soil showed positive hybridization with probe 1034-Ser after a 2-h exposure of the blots to X-ray film, and positive hybridization with the 1035-RuMP probe was obtained after longer exposure of the blots during a time period when light emission was greater than that during the first 2 h. These results indicate that both types of methanotrophs are present in the enriched soil sample, although the amount of the 1034-Ser probe that hybridized to the 16S rRNA in the soil sample appears to be greater than the amount of the 1035-RuMP probe that hybridized. Tundra soil that slowly oxidized methane and was not enriched for methane-oxidizing bacteria hybridized with probe 9-ax (26), which detects serine pathway methylotrophs. Soils that did not oxidize methane bacteria did not yield RNA that hybridized with any of the probes used to detect RNA from methylotrophs (data not shown).
DISCUSSION
In previous studies the phylogenetic relationships among methylotrophic bacteria were described by analyzing 5S and 16S rRNA sequences (4, 6, 29) . RuMP pathway methylotrophs were grouped in the ,B and -y subdivisions of the class Proteobacteria, whereas the serine pathway methylotrophs were grouped in the a subdivision. RuMP pathway methanotrophs form a cluster distinct from the methylotrophs which do not utilize methane (4, 24) . DNA-DNA hybridization results have shown heterogeneity within the genus Methylomonas (11, 12) . For example, the homology between Methylomonas methanica and "Methylomonas agile" (Methylobacter agilis) were found to be only 30%, while the pink-pigmented type I methanotrophs-Methylomonas methanica and "Methylomonas rubra"-were found to be closely related (6, 11) . Green (12) has proposed the separation of type I methanotrophs into five genera. One genus, Methylococcus, would include type X methanotrophs similar to Methylococcus capsulatus and other thermophilic or thermotolerant isolates such as "Methylomonas gracilis" (16 (Fig. 1) . (4, 6) . "Methylomonas gracilis" is a RuMP pathway methanotroph of uncertain taxonomic status that is reported to contain enzymes of the serine pathway and lacks an NADP+-dependent isocitrate dehydrogenase found in other type I methanotrophs (22) . Its DNA contains a base composition of 54 to 56 mol% G+C, and this bacterium grows at an optimal temperature of 42°C, while other type I methanotrophs do not grow at temperatures above 35°C. We have been unable to sequence a sufficient number of bases in 16S rRNA from this bacterium to accurately determine its phylogenetic relationship with other methanotrophs. Probes 1035-RuMP and 1041-5 do not hybridize to RNA extracted from this bacterium.
The serine pathway methanotrophs also form a cluster consisting of the genera Methylocystis and Methylosinus. Romanovskaya et al. (22) proposed that "Methylocystispyriformis" and "Methylocystis minimus" should be assigned the status of incertae sedis on the basis of differences in phospholipid fatty acids present in these strains and other type II methanotrophs. Considerable overlap among members of these genera were observed when DNA base composition and nucleotide distributions were compared (12) . This current work was unable to separate these genera. The pink-pigmented, facultative serine pathway methylotrophs which do not utilize methane still form a coherent cluster that is separated from the serine methanotroph cluster (4, 14) gels contained 5 jig of total RNA. The Northern blots were exposed to X-ray film for 2 h immediately after addition of the Lumiphos reagent (top panels). The lower blot hybridized with the 1035-RuMP probe was exposed to X-ray film for 3 h (2 to 5 h after addition of the Lumiphos reagent). The luminescence intensity reaches peak light emission approximately 6 h after addition of the reagent.
Methylobacterium strains. Strain ER2 is a recently described methylotroph that degrades the N-methylcarbamate insecticide carbofuran (25) and grows on methylamine but not methanol or methane. All other methylotrophs described in this study grow on methane, methanol, or both of these substrates. The methylotrophs in group lIb (Fig. 2) grow with methylamine or methanol as a sole carbon and energy source. Strain ER2 is not closely related to other serine pathway methylotrophs (Fig. 2) , and probe 1038-Ser-M that hybridized to RNAs from all other methylotrophs that do not utilize methane failed to hybridize to RNA extracted from this bacterium.
In previous reports (14, 26) we have described the use of two phylogenetic signature probes to distinguish between methylotrophs that employ the serine and RuMP pathways for formaldehyde fixation. These probes were used to identify and obtain estimates of methylotrophs in a bioreactor (1) where serine pathway methylotrophs are present and in the water column of Lake Mendota where RuMP pathway methylotrophs were dominant (14) . The two probes employed in the previous studies were unable to distinguish between the methylotrophs that could oxidize methane and those that could not. Because methanotrophs and methylotrophs that cannot oxidize methane are likely to be present in complex environments like soils that contain plant material as well as humus and inorganic matter, it is important to distinguish between those methanotrophs that oxidize methane and those that employ methanol, methylamines, or other one-carbon substrates. The probes described in this study are 
